Interaction of Extreme Ultraviolet (EUV) laser with matters is an attractive subject since novel phenomena always occur under the effect of high energy photons. In this paper, the thermal effect involved in the interaction of a capillary discharge 46.9 nm laser with copper was studied theoretically and experimentally. The temperature variation of the laser-irradiated region of copper was calculated. According to the results, the copper surface was ablated obviously and presented the trace of melting, evaporation, and resolidification, which suggested the thermal effect occurred on the surface during the laser irradiation.
Introduction
With the development of modern science and technology, there is an urgent need in developing new techniques for micro-and nano-processing of various materials in order to create small features in large areas at high speed. Until now, various methods were explored to break the diffraction limitation, such as metalenses, e.g., Hence, micro/nanostructures were created in the interaction of laser with solid targets. For example, during the interaction of the laser with matters, nanoparticles could be formed with luminescent or plasmonic properties [1] [2] [3] , especially copper plasmonic nanoparticles [4] . Among all the methods for creating small scale structures on various surfaces by lasers, decreasing the laser wavelength is still the most direct way [5, 6] . Due to the high photon energy, the damage mechanism of the extreme ultraviolet (EUV) to X-rays differs dramatically from the damage induced by longer-wavelength light, such as ultraviolet/visible/infrared light. Therefore, a novel phenomenon always occurs in the interaction of shot-wavelength light with matters. For instance, Thanh-Hung Dinh et al. created sub-nanometer craters on the surface of a silicon substrate by controlling strong excitations induced by a single femtosecond extreme ultraviolet pulse from a SACLA free-electron laser [7] .
Generally, the thermal effect decreases the resolution of laser-processing. Capillary discharge EUV laser, because of its suitable wavelength and nanosecond duration, could be used as a proper radiation source in the study of thermal effect in the interaction process of the laser at a short wavelength with materials. After the capillary discharge EUV laser was demonstrated [8] , scientists began to study the interaction of this nanosecond EUV laser with various materials. Due to the characteristic of the laser duration and the photon energy, the corresponding damage mechanism is complex including thermal and non-thermal effects. Rocca's group studied the damage threshold and damage mechanism of Sc/Si multilayer mirrors exposed to a capillary discharge 46.9 nm laser, the thermal nature of the damage mechanism was presented [9] . Later, the group optimized a 2D hydrodynamic code, PULLUX, by adding new absorption and atomic physics, which enabled the simulation of the ablative properties of EUV and X-ray lasers. According to the analysis, over 85% of the ablation occurs within the first half of the laser pulse and lateral heat transport dominates at later times increasing the surface feature size future [10] .
The big difference of damage mechanisms and characteristics between EUV ablation and longer-wavelength lasers ablation always present in molecular solids, because EUV photon carries enough energy to break any chemical bond in an irradiated material [11] . In this interaction process, the non-thermal effect always occurs initially and makes a major contribution to the ablation. However, for the interaction of XUV/SXR with metals which carries ample free electrons under room temperature, the ablation results may indicate a different interaction process and damage mechanism. The research on the thermal effect in the interaction of nanosecond EUV laser with metals will help to understand the damage mechanism of these short wavelength radiation sources. There are rare reports focusing on the thermal effect and melting trace in the damage induced by a 46.9 nm laser since the high photon energy is supposed to be the key role to trigger the damage on materials. In our previous work, different targets were measured by a nanosecond capillary discharge a 46.9 nm laser and melting trace was observed on copper [12, 13] . In this paper, ablation induced by a 46.9 nm laser on copper was further researched. The thermal effect and non-thermal effect in the interaction process were discussed. The results indicated that the nanosecond EUV laser could trigger drastic surface behavior (i.e., phase explosion) at quite a low fluence with the contribution of thermal effect, which is generally supposed to be less crucial than non-thermal effect. Since the interaction of nanosecond EUV laser with matters is complex and hard to model accurately, the research on thermal effect by EUV laser could help to understand the damage mechanism of EUV laser further.
Materials and Methods
In the experiment, the radiation source was a nanosecond capillary discharge EUV laser operating at a 46.9 nm with a pulse width of 1.7 ns. The laser was produced using Ne-like Ar plasma excited with a fast current pulse [14, 15] . The laser was focused into a distorted shape by a toroidal mirror at a grazing incidence angle of 7 • . The target was located on a 2D stage to be irradiated at different positions of the surface and beam axis. An X-ray diode (XRD) was used to measure the relative energy of the laser. The target we used in the experiment was copper with a polished surface. The roughness of the surface was estimated to be less than 100 nm. To avoid the formation of an oxide layer on the copper surface, the targets were preserved carefully and moved into the vacuum chamber as quickly as possible. At the beginning of the irradiation, XRD was moved into the beam path to measure the laser energy. After the laser output was stable, the target was moved in and the irradiation started. The surface of the copper target was irradiated by multiple pulses of focused a 46.9 nm laser at different positions along the beam axis. After the irradiation, the damaged surface was detected by SEM (Scanning Electron Microscope).
COMSOL Multiphysics (COMSOL Inc, Stockholm, Sweden), which is based on the finite element algorithm (FEM), was used in this section to calculate the temperature variation of copper in and after the laser irradiation. Since the attenuation length for copper at 46.9 nm is approximately 10 nm [16] , the material is very nearly opaque to a 46.9 nm laser. In the simulation, the laser was treated as a surface heat source. The energy of the beam was assumed to be absorbed over a negligibly small distance into the material relative to the size of the object that was irradiated. The simulation was built in the module of 'Heat Transfer in Solids'.
Since the critical electron density of a 46.9 nm laser is typically higher than solid, the laser could penetrate the expanding plasma plume and continue to heat the target surface directly throughoutthe duration of the laser pulse. Therefore, the heat source term should be involved in the calculation until the pulse ended. To build the function to describe the focused beam, spatial and temporal distribution of the laser was analyzed. Figure 1 showed the Gaussian fitting of normalized temporal distribution. The full width at half maximum (FWHM) of pulse duration was 1.6 ns. The spatial distribution of the laser was complex since the laser was focused on grazing incidence which caused the optical aberration. Even though, mostly the laser energy was focused into a small area that could be fitted into a Gaussian shape. Approximately, the spatial distribution of the focused laser was simulated as a Gaussian distribution. The function of describing the focused laser spot was as follow:
where P 0 was the peak power of the laser, A was the Gaussian parameter for a temporal profile, τ was the FWHM of pulse duration and r was the beam radius. The calculated field was built to be a cylinder with a radius of 1 mm and a height of 0.5 mm, of which the volume was much smaller than the copper target used in the experiment. It was aimed at reducing the amount of calculation while, at the same time, ensuring accuracy. The surface of the sample was set to be heat-insulated to the surrounding environment since the interaction occurred in the vacuum chamber with pressure below 10 −4 Pa. The simulation was built under the condition that the whole pulse energy of the laser with the peak power P 0 of 6 × 10 4 W was contributed to raising the temperature of the surface (in the experiment, the laser with~50 µJ and~100 µJ were both used to irradiate Cu targets. In both cases, the melting trace was detected. According to the detection, in the case of 100 µJ, the evaporation of the surface was more intense. In the simulation, the laser with the energy of 100 µJ was chosen to be calculated). According to the calculation, the temperature variation of the central point of the irradiated surface at 0-5 ns was simulated and showed in Figure 2 . The point reached the peak temperature of 3900 K at 2.1 ns after the laser began to heat the surface. The temperature of the target mostly depended on the effect of the laser heating and the thermal diffusion in the volume. Before 2.1 ns, laser heating occupied a dominant position resulting in the fast rise of the temperature. Then, after the transient balance at 2.1 ns, the temperature was mostly affected by the thermal diffusion. After 3.2 ns, at the end of the laser pulse, the temperature was still mostly determined by the thermal diffusion effect. It was worth noting that the peak temperature of the central point far exceeded the melting point and evaporating point of copper. Therefore, the irradiated surface would be melted and evaporated by the laser irradiation. Figure 3 showed the temperature distribution of a 1D copper surface at 2.1 ns processed by Gaussian fitting. The diameter of the area going through the temperature rise was 580 µm. The diameter of the area under the temperature beyond the melting point of copper was 197 µm, under the temperature beyond the evaporating point was 89 µm. According to the Global definition, the beam radius was set to be 100 µm. The result above showed an obvious thermal diffusion at the surface, which due to the good heat-conducting property of copper. The temperature variation on the depth of the sample along the center axis was simulated and showed in Figure 4 . The laser energy was delivered into the volume and caused the temperature to rise. With the depth increasing, the peak temperature of the corresponding point was decreasing. When it reached 20 µm, there was almost no temperature rise. The size of the sample was much larger than the beam radius and heat penetration depth. Therefore, the temperature rise of the whole sample induced by laser heating could be neglected. Based on that, we could expect that there was no temperature accumulation to the whole sample by multiple pulses of laser irradiation. 
Results and Discussion
After the irradiation of the focused 46.9 nm laser with multiple pulses, ablation patterns shown in Figure 5 were detected by SEM. The ablation pattern induced by single-pulse was also detected, which indicated the laser fluence was above the damage threshold of copper. The melting occurred at a similar area of the ablation patterns and became more obvious with the increasing of the pulse number. The melting area was measured to be 770 µm 2 , 420 µm 2 , 270 µm 2 and 120 µm 2 , with respect to the pulse number of 6, 3, 2 and 1. In the experiment, the interval time between every two pulses was longer than 30 s to avoid the superposition of the surface relaxation. The following laser pulse irradiated the surface was already melted by the last laser pulse. The increasing melting area with the added pulse number indicated that the characteristic of the melted surface was changed to promote the heat diffusion. Therefore, in the case of multiple laser pulses, the damaged area was melted again and again and presented quite a drastic surface behavior. From Figure 5 , the melting part was only a small area in the whole damaged area. In most parts of the damage, the fluence of the laser was not high enough to trigger evident melting or evaporation behavior on the copper surface. However, the irradiation of the laser modified the surface into a different condition presenting a contrast with the color of the unabated area under SEM detection. To study the difference between the damaged and undamaged areas, the edge of the damaged area was detected and shown in Figure 6 . The fringes at the top of the damaged area were induced by the inhomogeneous energy distribution of the original laser spot and the diffraction effect occurred in the transmission. In the undamaged area, scratches induced by the surface polishing were observed clearly. Nonetheless, they did not exist in the damaged area, which proved the laser cleaning effect. To analyze the melting under different laser fluence, the focused laser spot at a different distance from the focus point was studied in Figure 7 . We calculated the average fluence by the function as below:
where E pulse was the pulse energy and S damaged was the area of the damaged pattern. It was worth noting that S damaged was measured on the damaged surface of polymethyl methacrylate (PMMA), not copper, since PMMA was more sensitive to the irradiation of the 46.9 nm laser and would help to present the whole shape of the focused 46.9 nm laser. Figure 8 showed the measurement of the damaged area on PMMA. The pattern was the whole view of the one showed at the right image in Figure 7 . The damage pattern was detected by White light interferometer (WLI). The area was measured to be 0.04 mm 2 . With the estimated energy of 100 µJ, the average fluence of the laser was calculated to be 250 mJ/cm 2 . Figure 9a ,b referred to the whole view of the patterns at left and in the middle of Figure 7 . The area was measured to be 0.1 mm 2 and 0.06 mm 2 , corresponding to the fluence of 100 mJ/cm 2 and 160 mJ/cm 2 . The focused laser spot was caught by a Ce-doped Yttrium Aluminum Garnet (Ce: YAG) scintillator with the transformation from the invisible laser into visible light. The real shape of the focused laser at a different distance from the focus spot was presented in the middle row of Figure 7 . The first row in the picture was the contour map obtained from the intensity of the visible spot. The color bar showed the scale of the relative intensity of the spot. The intensity of the laser spot and transformed visible spot were not in a linear relationship. However, the intensity distribution of the visible spot indicated the general condition of the intensity distribution of the focused laser spot. The third row was the corresponding damage pattern at each position. The white lines circled the melting position. To compare the three rows, the shape of the laser spot and the damage pattern were coincident. In each position, the melting occurred at the position under the laser irradiation with a higher intensity, which indicated a higher fluence. In the damaged area, the melting traces shown in Figure 10 were expressed in several kinds of morphologies. The surface absorbed the laser energy, then was melted or evaporated and resolidified into nanoparticles, as shown in Figure 10a . Before cooled into a solid phase, the particles might converge and then be resolidified into small bulk, as shown in Figure 10b . Since the target was located vertical to the beam path and nearly vertical to the horizontal plane, most of the nanoparticles were drop-down because of gravity. Since the plasma expansion occurred near the surface of the target, there are still some particles left on the surface, which showed strong evidence that the surface behavior was drastic due to the irradiation of the laser. Phase explosion would occur during the interaction. Based on that, the thermal effect was strongly involved in the interaction. In future research, the mica sheet would be used below the target to catch the nanoparticles ejected from the surface to study the size distribution. In the ablation area, it was also found a large melting area around the impurities inset the copper surface, as shown in Figure 11 . It was supposed to be caused by the heat accumulation around the interface of the impurity and copper. That would be another evidence to prove the thermal effect in the damage. Melting trace was detected in the ablation area induced by both single and multiple pulses of laser irradiation. Figure 12 showed the melted surface induced by 25, 12, 6, 3, 2, and 1 pulse of laser irradiation. The area showed in Figure 12 was part of the whole damage area which presented the level of the melting. The melting behavior got more and more intense with the increasing number of laser pulses. When the pulse number was above 3, the surface evaporation was quite clear. According to the analysis, there was no temperature accumulation in the multiple pulses of laser irradiation. Therefore, we could expect that there was also evaporation occurred in single pulse irradiation, which was too faint to be detected clearly under SEM. The estimated average fluence of a 46.9 nm laser that could cause evaporation was much lower than the fluence of optical lasers that could cause surface evaporation of copper [17] . It is generally known that the damage threshold of EUV laser is much lower than that of the laser with a longer wavelength, which due to the contribution of the photon with quite a high energy. However, the melting or evaporation threshold of the same material is more related to the fluence of the light, not the photon energy. Therefore, we supposed the quite low evaporation threshold of a 46.9 nm laser indicated that the high photon energy of a 46.9 nm laser promoted the thermal effect in the interaction process. More corresponding research is expected in the future to study the relationship between the high photon energy and the thermal effect. In the interaction of XUV laser radiation with solid targets, the damage could be classified into 'desorption' and 'ablation' [18] . If the local fluence of the laser is around the damage threshold, desorption is dynamically possible. Generally, a characteristic microscopic time scale for desorption varies from 200 fs to 3 ps [19] . However, in the case of the metallic surface, the dissipation of initial electronic or vibrational excitations from absorbed photons occurs on a time scale of a few femtoseconds. That means desorption cannot take place on a pure metallic surface. In addition, from the detection results, the surface behavior of copper-induced by the 46.9 nm laser irradiation was quite drastic, which fitted the 'ablation' expression better. Therefore, in the interaction of a 46.9 nm laser with copper, the damage on the target surface could be characterized as 'ablation'.
Copper contained plenty of free electrons under room temperature. That meant, in the interaction, the laser energy could be absorbed directly by free electrons, resulting in the temperature rise in the irradiated area. Then the lattices were distorted and the damage took place. In this process, the thermal effect was dominant. We could expect that most of the laser energy contributed to the temperature rise of the irradiated area. According to the simulation result, with the absorption of one pulse energy, the highest temperature of the irradiated area was above the evaporating point of copper. Therefore, the surface of copper was melted and evaporated by the irradiation of the 46.9 nm laser. According to the results, the surface behavior induced by a 46.9 nm laser on copper differed from that on other types of materials, such as large bandgap dielectrics (PMMA [20] , BaF 2 [12] ) and multiple layers [9] . In the case of dielectrics, regardless of the type of organic or inorganic, the damage always induced by a non-thermal effect, leaving clear patterns with a certain depth and a clean edge. The bound electrons absorb photon energy and are ionized. Or the molecular bond is directly broken by the photon. In the case of multiple layers, discoloration was detected resulting from heat-triggered interdiffusion in upper layers. Cracks covered damaged area indicated tensile stress induced by thermal expansion and the following cooling down process. The similar cracks were not observed in the damage of copper in this work because the material characteristic of copper is different from the multiple layers and also the fluence of the laser was lower which was not able to generate such a temperature difference. According to Reference [20] , in the interaction of a 46.9 nm laser with solid targets, attenuation length was a crucial factor in determinate the damage mechanism, which was classified involving the traveling ionization wave of ablation and ablation threshold. Based on that statement, the damage that occurred on copper fits the former mechanism.
Conclusions
To sum up, the interaction of a 46.9 nm laser with copper was studied theoretically and experimentally. The ablation results showed an obvious thermal effect involved in the interaction process, which presented melting and evaporation traces in the ablation area. It coincided with the calculation results. The fluence of the 46.9 nm laser that could cause the evaporation on the copper surface was much lower than that of optical lasers, which indicated the high photon energy promoted the thermal effect that occurred in the interaction process. This phenomenon is worth studying in the future to help understand the interaction of high energy photons with solid targets. 
